This study was performed to assess the in vivo ocular toxicity of benzalkonium chloride (BAK) homologs compared with commercially available BAK (BAK mixture) and to assess the ocular toxicity of BAK homolog after repeated ocular application. Rabbit eyes were examined by ophthalmology and scanning electron microscopy (SEM) after 10 applications of BAK homologs with C12 (C12-BAK) and C14 (C14-BAK) alkyl chain lengths and a BAK mixture at concentrations of 0.001% (w/v), 0.003% (w/v), 0.005% (w/v), 0.01% (w/v) and 0.03% (w/v). The ocular toxicity of C12-BAK to rabbit eyes was examined by ophthalmology and histopathology after repeated ocular application for 39 weeks. In addition, the antimicrobial activities of C12-BAK and C14-BAK against A. niger, S. aureus and P. aeruginosa were assessed. Ocular toxicity of C12-BAK was less than those of the BAK mixture and C14-BAK. No ocular toxicity was noted after ocular application of 0.01% C12-BAK to rabbits for 39 weeks. C12-BAK showed antimicrobial activities at a concentration of 0.003%. These results suggest that the use of C12-BAK to replace BAK mixture as a preservative in ophthalmic solutions should be considered in order to reduce the incidence of the corneal epithelial cell injury induced clinically by BAK.
Introduction
Many ophthalmic solutions contain preservatives to prevent contamination by microorganisms. Benzalkonium chloride (BAK) is a widely used preservative in ophthalmic solutions. The ocular toxicity of BAK has been investigated in vitro using cell culture systems, such as human corneal cell lines [1] [2] [3] [4] [5] , human conjunctival cell lines 1, 2, [6] [7] [8] [9] [10] [11] , a threedimensional model of human corneal epithelium 12, 13 , rabbit corneal cell lines 6, 14 and bovine corneal cell lines 6 . The ocular toxicity of BAK has also been investigated by several in vivo experiments following application on the ocular surface of rats 15 , rabbits [16] [17] [18] , monkeys 17 and cats 18 . In these studies, BAK was deleterious to corneas and cultured cells at concentrations used clinically. Based on in vitro and in vivo toxicity studies, BAK has undergone considerable criticism in recent years. In an attempt to reduce the adverse effects of BAK, several ophthalmic solutions have been marketed during the last several years as BAK-free formulations. In addition, new preservatives with a wide range of activity and good safety profiles have been introduced. Commercially available BAK is composed of a mixture of different homologs with alkyl chain lengths ranging from 8−18 carbon atoms. Ocular toxicity of BAK homologs is reported to be dependent on the alkyl chain length of the molecule. The studies were done using various models including in vitro studies of bovine corneas 19 , transepithelial electrical resistance (TER) of live rabbit corneas 20 , cytotoxicity assays of rabbit corneal epithelial (NRCE) cells 20 and cytotoxicity assays of human corneal epithelial (HCE) and conjunctival epithelial (IOBA-NHC) cells 21 . These studies suggest that the use of BAK homologs instead of the commercially available BAK mixture ophthalmic solution may lessen the adverse events for patients. However, the relative order of cytotoxicity of BAK homologs and BAK mixture varied in these in vitro studies. To date, the ocular toxicities of BAK homologs and a BAK mixture have not been compared in vivo, which is a first step in comparing the possible toxicities of these homologs with the mixture for clinical use.
In the present study, we compared the ocular toxicity of BAK homologs (C12-and C14-BAK) and a BAK mixture by ophthalmology and scanning electron microscopy (SEM) after 10 ocular applications to rabbits and assessed the ocular toxicity of a BAK homolog (C12-BAK) by ophthalmology and histopathology after repeated ocular application for 39 weeks in rabbits. In addition, the antimicrobial activities of C12-BAK and C14-BAK against A. niger, S. aureus, and P. aeruginosa were assessed. 
Materials and Methods

Experiment 1
Animals: Eight-to nine-week-old male Japanese white rabbits (Kbs:JW) were supplied by Kitayama Labes Co., Ltd. (Nagano, Japan). They were quarantined and acclimatized to laboratory conditions for 7 days before experiments. Animals were individually housed in a room with a temperature of 22-24°C (acceptable range), relative humidity of 45-65% (acceptable range), 12-h light/dark cycles and air ventilation at 14 times per h. They were provided with water ad libitum and were given approximately 130 g/day of solid food (RC-4; Oriental Yeast Co., Ltd., Tokyo, Japan).
Administration: Benzyldimethyldodecylammonium chloride (C12-BAK) was obtained as a powder from Okami Chemical Industry Co., Ltd. (Kyoto, Japan), benzyldimethyltetradecylammonium chloride (C14-BAK) was purchased as a powder from Sigma-Aldrich Co., Ltd. (St. Louis, MO, USA), and an industrial batch of BAK mixture powder (60.1% (w/w) C12, 37.1% (w/w) C14, 2.8% (w/w) C16) was obtained from FeF Chemicals A/S (Køge, Denmark). C12-BAK, C14-BAK and BAK mixture were stored at room temperature. The results of assays (calculated on anhydrous basis) of C12-BAK and BAK mixture were 104.1% and 101.3%, respectively.
Solutions containing C12-BAK and BAK mixture were prepared in concentrations of 0.001% (w/v), 0.003% (w/v), 0.005% (w/v) and 0.01% (w/v) because BAK is generally used at concentrations ranging from 0.001% to 0.01% in ophthalmic solutions. In addition, 0.03% (w/v) was selected as the highest concentration to assess the toxicity of an excess concentration. Solutions containing C14-BAK were prepared in concentrations of 0.005% (w/v) and 0.03% (w/v). BAK was dissolved in 0.9% saline (Otsuka Pharmaceutical Factory, Inc., Tokyo, Japan). Saline alone was used as a control.
Fifty microliters of saline or BAK solution, which is equal to one drop from an eye drop bottle, was bilaterally applied 10 times (every 30 minutes) to the ocular surface of eyes of 19 rabbits (38 eyes). Saline was applied to 2 eyes, and each BAK solution was applied to 3 eyes.
Observations and examinations: The cornea and conjunctiva were macroscopically observed at approximately 30 minutes after the last application, and ocular irritation scores were recorded according to the modified Draize scoring system 22 (Table 1) . One to two hours after the last instillation of test solutions, rabbits were anesthetized by an intravenous injection of sodium pentobarbital solution (50 mg/ mL, 0.5 mL/kg; Dainippon Sumitomo, Pharma Co., Ltd., Osaka, Japan) into the auricular vein and euthanized by exsanguination. Eyeballs from each animal were removed and fixed by submersion in 2.5% glutaraldehyde solution in 0.1 M phosphate buffer (pH 7.4). Corneas were excised from fixed eyeballs, rinsed and postfixed in 1% buffered osmium tetroxide solution. After dehydration in ethanol at increasing concentrations, they were transferred to amyl acetate, dried with liquid carbon dioxide using a critical point dryer (HCP-2; Hitachi Koki Co., Ltd., Tokyo, Japan) and sputtercoated with gold in an ion coater (IB-3; Eiko Engineering Co., Ltd., Tokyo, Japan). The corneal epithelium and endothelium were viewed using SEM (JSM840A; JEOL, Tokyo, Japan), their levels of damage were estimated semiquantitatively.
Experiment 2
Animals: Eight-week-old male and female rabbits (Kbl:JW) were supplied by Kitayama Labes Co., Ltd. Rabbits were quarantined and acclimatized to laboratory conditions for approximately 2 weeks before experiments and individually housed in a room with a temperature of 20-24°C (acceptable range), relative humidity of 40-60% (acceptable range), 12-h light/dark cycle and air ventilation at 15 times per hour. They were provided with water ad libitum and were given approximately 120 g/day of solid food (CR-1; CLEA Japan, Inc., Tokyo, Japan) once daily.
Administration: C12-BAK was obtained as a powder from Okami Chemical Industry Co., Ltd. Solutions containing C12-BAK were prepared in concentrations of 0.01% and were supplied by Santen Pharmaceutical Co., Ltd. C12-BAK was dissolved in phosphate buffer containing 0.75% NaCl and 0.15% KCl (pH 7.5).
Fifty microliters of the solution containing 0.01% C12-BAK was applied on the ocular surface of the left eye in 6 males and 6 females 7 times/day for 39 weeks. The right eye was not treated.
Ophthalmology: Once in weeks 4, 6, 8, 13, 26 and 39, the cornea and conjunctiva were macroscopically observed at approximately 1 h after the last application of the day, and ocular irritation scores were recorded according to the modified Draize scoring system (Table 1) . After macroscopic examination, corneal epithelia were stained with fluorescein paper (Wyeth-Ayerst Laboratories Inc., Wayne, PA, USA), observed using a slit lamp (SL-14; Kouda Denshi Co., Ltd., Kahoku, Japan) and evaluated according to the scoring system for fluorescein staining.
Histopathology of the eyeball and its accessory organs:
On the day following the end of applications, rabbits were anesthetized by an intravenous injection of sodium pentobarbital solution (64.8 mg/mL, 0.5 mL/kg; Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) into the auricular vein and euthanized by exsanguination. Eyeballs (including the optic nerve and bulbar conjunctiva) from each animal were removed and fixed in a solution of 2.5% formaldehyde and 1% glutaraldehyde. Eyelids (including the palpebral conjunctiva) and lacrimal glands were fixed in 10% neutral buffered formalin. Organs and tissues were trimmed, embedded in paraffin, sectioned, stained with hematoxylin and eosin and examined microscopically. Observation of corneal epithelium and endothelium by SEM: Corneas were excised from eyeballs of two males and two females that were fixed by 2.5% formaldehyde and 1% glutaraldehyde, rinsed and postfixed in 1% buffered osmium tetroxide solution. After dehydration in ethanol at increasing concentrations, they were transferred to amyl acetate, dried with liquid carbon dioxide using a critical point dryer and sputter-coated with gold in an ion coater. The corneal epithelium and endothelium were viewed using SEM (JSM-5200; JEOL Co., Ltd.).
Experiment 3
The antimicrobial activity of BAK homologs: The preservative effectiveness tests assessed the antimicrobial activities of 0.003% C12-BAK and C14-BAK in phosphate buffer containing 0.9% NaCl (pH 7.0), according to the pre- servative effectiveness tests described in the Japanese Pharmacopeia (fifteenth edition). Test strains were incubated on the surfaces of agar slants, using Soybean-Casein Digest Agar Medium for bacteria and Sabouraud Dextrose Agar for A.niger. The saline suspensions of microorganisms were prepared to harvest the cells aseptically from agar slants after incubation. The cell suspensions were inoculated into samples and adjusted so that the final cell numbers per milliliter were between 10 5 and 10 6 . Samples were incubated at 22.5 ± 2.5°C, and the viable organism numbers of A. niger at 24 h, 14 days and 28 days and those of P. aeruginosa and S. aureus at 24 h were determined by the Pour-Plate method.
Results
Experiment 1
In eyes treated with 0.03% C12-BAK, C14-BAK and BAK mixture, macroscopic ocular signs such as redness of the palpebral conjunctiva, bulbar conjunctiva and nictitating membrane were observed (Table 2 ). In addition, conjunctiva discharge with the 0.03% BAK mixture and conjunctiva discharge and chemosis of the palpebral conjunctiva with 0.03% C14-BAK were noted. Therefore, the relative order of BAK homologs and BAK mixture with regard to ocular insult was C12-BAK < BAK mixture < C14-BAK. In eyes treated with 0.01% or less of C12-BAK, C14-BAK and BAK mixture, macroscopic ocular insults were not observed. Table 3 summarizes SEM results of the corneal epithelium following 10 applications of the drugs. The corneal epithelium surface treated with 0.9% saline consisted of irregularly-shaped polygonal cells. Epithelial cells could be separated into light, medium and dark cells on the basis of their brightness. Light cells were smaller than dark or medium cells. There were a large number of microvilli and crater-like depressions, which are called epithelial holes 23 , on the surface of light, medium and dark cells. No damage was detected on corneas treated with concentrations of ≤ 0.005% C12-BAK or treated with the 0.001% BAK mixture. Application of 0.01% C12-BAK, 0.005% C14-BAK and 0.003%-0.01% BAK mixture caused exfoliation of a small number of cells (Fig. 1) . Treatments with 0.03% C12-BAK, C14-BAK and BAK mixture resulted in significant cell exfoliation (Fig. 2) , with decreases in epithelial holes and microvilli of corneal epithelial cells. Corneal epithelial changes produced by C12-BAK were weaker than with BAK mixture and C14-BAK. No abnormalities of the corneal endothelium were noted at any concentrations of C12-BAK, C14-BAK, and BAK mixture following 10 applications.
Experiment 2
During application of 0.01% C12-BAK for 39 weeks in rabbits, no BAK-related ocular irritation on the cornea, iris or conjunctiva or fluorescein staining on the cornea was found in ophthalmologic examinations. No histopathological lesions related to C12-BAK application were noted in the eyeballs, eyelids and lacrimal glands. There were no changes in the epithelium and endothelium of the corneas when observed by SEM examination.
Experiment 3
The antimicrobial activity of C14-BAK against A. niger at 24 h was slightly greater than C12-BAK in this formulation (Table 4) . At 14 days and 28 days, the antimicrobial activity of C12-BAK was slightly greater than C14-BAK. In contrast, the antimicrobial activities of C12-BAK and C14-BAK against S. aureus and P. aeruginosa could not be detected at 24 h.
Discussion
A recent large-scale European study that enrolled 9658 patients compared the prevalence of side effects between eye drops with or without preservatives. A significant decrease in all ocular symptoms and signs was observed in patients using lesser amounts of preserved eye drops or using preservative-free drops 24 . This study suggested that the The concentrations of BAK homologs were all 0.003% (w/v). The numbers represent the log reduction, which is the relative number of live microorganisms eliminated by the preservatives. ND = not detected. NE = not examined.
use of formulations with a lower preservative concentration or less toxic preservatives may lessen the adverse events. In addition, in vitro and in vivo studies showed that corneal toxicity of BAK homologs was dependent on the alkyl chain length of the molecule [19] [20] [21] . The cytotoxicity of BAK homologs and BAK mixture has been compared by in vitro studies 20, 21 . The corneal toxicity of BAK homologs has also been assessed by an in vivo study 20 . However, the corneal toxicity of BAK homologs has not been compared with that of a BAK mixture by an in vivo study. In the present study, we compared the corneal toxicities of BAK homologs and a BAK mixture by SEM after application to rabbits to determine whether the use of BAK homologs lessens the corneal toxicity compared with a BAK mixture. When treated with 0.9% saline, the corneal surface consisted of polygonal cells with epithelial holes and a large number of microvilli, in which light, medium and dark cells were distinguishable. This has also been described in the studies of normal surfaces of rabbit corneal epithelium 23, 25 . Application of 0.01−0.03% C12-BAK, 0.005−0.03% C14-BAK and 0.003−0.03% BAK mixture caused cell exfoliation together with decreased epithelial holes and loss of microvilli. The decrease of epithelial holes from the corneal epithelium has also been observed on the cornea of rabbits receiving several surfactants and several local anesthetics (our unpublished data). Therefore, we suggest that this change may be a common result of corneal injury by toxicants and not specific to BAK. The present study shows that the ocular toxicity of BAK homologs and BAK mixture is ranked as C12-BAK < BAK mixture < C14-BAK by the ocular irritation scores and SEM analyses of the corneas. The results were as expected considering that the BAK mixture used in the present study was mainly composed of C12-BAK and C14-BAK. The nontoxic dose of 10 applications (every 30 minutes), which is excessive compared with 1−7 applications per day in clinical use of ophthalmic solutions, was 0.005% for C12-BAK and 0.001% for the BAK mixture. This indicates that the ocular toxicity of C12-BAK is five times weaker than than that of the BAK mixture. The results of the present study are consistent with a previous in vitro study using transepithelial electrical resistance (TER) of live rabbit corneas and a cytotoxicity assay 20 . In this in vitro study, the ocular toxicity was ranked C12-BAK < BAK mixture < C14-BAK. The in vitro study using the bovine corneas also showed that the toxicity of C12-BAK was weaker than than that of C14-BAK and that the corneal toxicity of the BAK mixture decreased when the relative proportion of C12-BAK increased 19 . It is known that the longer the hydrocarbon chain of BAK homologs become, the greater the BAK homologs have the tendency to initiate the increase in cell permeability that precedes cell death 26 . Therefore, it is important to adjust the composition of the BAK mixture in ophthalmic solutions to decrease the ocular toxicity. Furthermore, the use of C12-BAK instead of a BAK mixture as a preservative in ophthalmic solutions could be significantly safer for patients. In contrast, it was reported that the relative order of cytotoxicity was BAK mixture < C12-BAK < C14-BAK in HCE cells, and BAK mixture < C14-BAK < C12-BAK in IOBA-NHC cells 21 . The reasons for the differences in results among in vitro experiments using different alkyl chain lengths are unknown, but the differences may be due to differences in experimental conditions such as the test system, cell lines, duration of drug exposure and culture medium.
The repeated toxicity of C12-BAK by ocular application has not been previously reported. For this reason, in the present study we assessed the repeated toxicity of 0.01% C12-BAK after ocular application 7 times per day for 39 weeks because BAK is generally used at concentrations up to 0.01% in ophthalmic solutions and ophthalmic solutions are generally applied up to 7 times per day in clinical use.
The results of this investigation demonstrated that 0.01% C12-BAK did not cause ophthalmological changes suggestive of irritation or corneal damage, histopathological changes in the eyeball and its accessory organs and changes in the corneas as demonstrated by SEM. Therefore, it is possible that C12-BAK is nontoxic after repeated ocular application up to at least a concentration of 0.01% under an application frequency generally used in clinical practice. In previous studies using in vitro methods, C12-BAK showed cytotoxicity at concentrations below 0.01% [19] [20] [21] . The most significant reason why the toxicity of C12-BAK in the present study was weaker than that observed from in vitro studies is the pharmacokinetics of the drug in the tear film following ocular application. The physiological tear turnover rate is about 16% per minute in humans 27 and is increased due to stimulation resulting from drop instillation 28 . The instilled dose leaves the precorneal area within 2 minutes of application 29 . It was also shown that most of an applied eye drop is lost to drainage in the first 15 to 30 seconds after application in humans 28 . Therefore, the contact time of the BAK with the cornea is possibly shorter than that in in vitro studies [19] [20] [21] . We investigated the antimicrobial activities of C12-BAK and C14-BAK against A. niger, S. aureus, and P. aeruginosa. Both C12-BAK and C14-BAK showed antimicrobial activities at a concentration of 0.003%, similar to that used in ophthalmic solutions. The concentration of 0.003% is also nontoxic for C12-BAK, as observed by examination after repeated applications.
In conclusion, the present study demonstrates that C12-BAK is less toxic than C14-BAK and a BAK mixture and that ocular toxicity of 0.01% C12-BAK was not noted after repeated ocular application. The use of C12-BAK instead of a BAK mixture as a preservative in ophthalmic solutions should be considered in order to reduce the incidence of the corneal epithelial cell injury induced clinically by BAK.
